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We report a combined experimental and theoretical study of the unusual ferromagnetism in the 
quasi-one-dimensional copper-iridium oxide SrsCuIrOs. Utilizing Ir L3 edge resonant inelastic x-ray 
scattering, we reveal a large gap magnetic excitation spectrum, and show that it is well described 
by the S = 1/2 Heisenberg model with an Ising-like ferromagnetic exchange anisotropy. We present 
a microscopic derivation of this model and find an unexpected effect, namely the ferromagnetic 
anisotropy arises from the antiferromagnetic superexchange interaction, driven by the alternating 
strong and weak spin-orbit coupling on the Ir and Cu magnetic ions, respectively. Our results point 
to the unusual magnetic behavior to be expected in mixed 3d — 5d transition-metal compounds via 
exchange pathways that are absent in pure 3d or 5d compounds. 



PACS numbers: 75.30.Et, 71.70.Ej, 78.70.Ck, 75.10.Dg 

The interest in strongly correlated electronic systems 
has recently been extended from 3d transition-metal com- 
pounds (TMCs) to 5d compounds. Usually the strength 
of electron correlation is characterized by the ratio of the 
local Coulomb repulsion to the electronic bandwidth. A 
large value of this ratio (~ 8) is common in 3d TMCs such 
as superconducting cuprates PQ. Since 5d orbitals are 
more extended in space and host weaker Coulomb inter- 
actions than 3d orbitals, 5d TMCs are generally expected 
to be weakly correlated. However, it has been pointed out 
[2H1] that the relative weakness of the Coulomb interac- 
tion is offset by the strong spin-orbit coupling (SOC), 
which is typically ~ 0.5 eV for 5d elements. This strong 
SOC leads to a significant splitting and narrowing of 
the electronic bands, and pushes 5d TMCs toward the 
strongly correlated regime. Indeed, the SOC-driven Mott 
metal-insulator transition was shown to exist in a variety 
of 5d iridium oxides [2Tll4| . An important consequence is 
the entanglement of the orbital and spin degrees of free- 
dom in the resulting localized magnetic moments (termed 
as 'isospins'), which can lead to unusual superexchange 
pathways and to new physics, for example, the proposed 
spin-liquid state as encoded in the Kitaev model [TS] 
in the honeycomb-lattice (Li,Na)2ix03 [7j and possible 
superconductivity in the square-lattice S^IrOj, which 
shows a similar magnetic ordering and dynamics to the 
cuprates [5]- 

The purpose of this letter is to demonstrate that ma- 
terials containing both 3d and 5d magnetic ions can host 
new physics absent in either pure 3d or pure 5d com- 
pounds - because of the unique combination of unusual 



exchange pathways and special geometries, a result of 
the strong SOC of the 5d electrons and the differing co- 
ordinations of the 3d and 5d sites. Such materials will 
offer new avenues to engineer exotic magnetic behavior. 
To demonstrate this, we have chosen to study the quasi- 
one-dimensional copper-iridium oxide, Sr 3 CuIrOg, as a 
prototype for such mixed 3d — 5d systems. The crys- 
tal structure of this compound (Fig. [I]) is reminiscent 
of both the superconducting cuprates and iridium-based 
Mott insulators: Specifically, it contains with the chains 
of alternating Cu and Ir the Cu 2+ in a planar oxygen 
coordination and the Ir 4+ in an octahedral oxygen coor- 
dination . The physical novelty of this material is demon- 
strated by the emergence of ferromagnetic order, which is 
rare in pure cuprates or iridates (the closely related ma- 
terials Sr 3 CuPt06 and Sr 3 ZnIr06 are antiferromagnetic) 
[Trjl [T7] . There is to date no microscopic understanding 
of this unique phenomenon. 

Here we use Ir L3 edge resonant inelastic x-ray scat- 
tering (PJXS) to reveal a large gap magnetic excitation 
spectrum, and show that it is well described by the ef- 
fective 5 = 1/2 Heisenberg model with an Ising-like fer- 
romagnetic exchange anisotropy. We present a micro- 
scopic derivation of this model, and find that the arrange- 
ment of alternating isospins and real spins on the Ir-Cu 
chain leads to an unexpected effect, namely that the fer- 
romagnetic anisotropy arises from the antiferromagnetic 
superexchange. Our results point to an entirely new class 
of magnetic behavior in mixed 3d — 5d TMCs. 

RIXS measurements. — The energy and momentum de- 
pendence of the magnetic excitation spectrum in a self- 
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FIG. 1. Cu-Ir chain of Sr 3 CuIr0 6 where Cu 2+ and Ir 4+ are 
coordinated by an oxygen plaquette and octahedron, respec- 
tively. The IrC>6 octahedral tilting is denoted by a ~ 150° 
and the octahedral distortion by j3 ~ 82°. 

flux-grown SrsCuIrOg single crystal was studied by using 
Ir L 3 edge RIXS, for which dipole transitions excite and 
deexcite a 2p 3 / 2 core-electron to the 5d orbitals [IS] ■ The 
measurements were carried out at beamline 9-ID, Ad- 
vanced Photon Source, in a horizontal scattering geom- 
etry. A Si(844) secondary monochromator and a R=2m 
Si (844) diced analyzer were utilized. The overall energy 
resolution of this setup was ~ 45 meV (FWHM) and the 
momentum resolution was better than 0.07 of the Bril- 
louin zone (BZ) length along the Cu-Ir chain direction. 
All data were collected at 7 K. 

Fig. |2ja) shows the low-energy RIXS spectra for the 
momentum transfer q along the chain direction in the 
BZ in which the unit cell contains one Cu ion and one 
Ir ion. A shoulder appears near the elastic line and dis- 
perses along the chain direction. No dispersion is seen 
in this feature for momentum transfers perpendicular to 
the chain direction (not shown). We attribute this shoul- 
der to a one-dimensional magnon mode. Its dispersion is 
plotted in Fig. |2jb), and shows two salient features: (i) 
The minimum energy located at the T point is not zero, 
but rather shows a large gap of ~ 30 meV, comparable 
to the magnon bandwidth, (ii) The dispersive behavior 
follows the periodicity of the (one Ir plus one Cu) chain 
unit cell very well, approximately in the form of cos(qa) 
where a is the nearest Ir-Ir distance. 

These observations cannot be explained by conven- 
tional models. The simple linear chain ferromagnetic 
Heisenberg model proposed for this system [16] is gap- 
less. In the related iridate Sr 3 ZnIrOg, two mechanisms 
have been proposed for a possible gap there. However, 
neither can be at work here. In the first, singlet dimers 
were proposed based on the alternating chain antiferro- 
magnetic Heisenberg model |17j . However, this cannot 
occur in SraCuIrOe, since it is ferromagnetic. In the sec- 
ond, an Ising-like exchange anisotropy is added to the 
5=1/2 Heisenberg model [T5]. However, the magnon 
dispersion of the ferromagnetic model of this type, in 
which one does not distinguish between Cu and Ir atoms 
(i.e., the unit cell contains one magnetic ion), is in the 
form of cos(qa/2) [501111], in disagreement with the dis- 
persion observed above. Our data thus require unconven- 
tional magnetism in this system, and make a general call 
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FIG. 2. (a) RIXS spectra for different momentum transfer 
along the chain direction, compared with the off-resonant elas- 
tic line (dotted line), (b) the extracted magnetic dispersion 
from the scans shown in (a). The scans in (a) are offset to 
match with their wavevector transfer along the chain direction 
presented in (b). 

for a new understanding of systems with mixed 3c? — 5d 
magnetic ions. 

Microscopic mechanism. — To understand the micro- 
scopic origin of the Mottness, the ferromagnetism, and 
the anisotropy in this system, we start by analyzing the 
geometry and symmetry of the Cu-Ir chain. 

A portion of a Cu-Ir chain of SrgCuIrOe is shown in 
Fig.0 TheCu 2+ ion is located at the center of an oxygen 
plaquette. The only magnetic orbital 4>Cu centered on a 
Cu 2+ ion is of x 2 — y 2 symmetry and is antisymmetric 
with regard to the Cu-Ir mirror plane |22j . 

By contrast, the Ir + ion lies in the center of an oxygen- 
octahedron which shares an edge with neighboring CUO4 
plaquettes and experiences tilting and an orthorhombic 
distortion characterized by angles a ~ 150° and f3 ~ 82°, 
respectively, as defined in Fig. [T] The octahedral ligand 
field renders the three Ir i 2 g (5d xy , 5d xz , and 5d yz ) or- 
bitals relevant to the low-energy physics, while the two 
unoccupied Ir e g energy levels are ~ 3 eV higher [14) . 
We shall show below that the octahedral tilting and dis- 
tortion are also relevant to the magnetism in SraCuIrOg, 
and that the role of the Ir 5d xy orbital is completely dif- 
ferent from those of the Ir 5d xz and 5d yz orbitals. 

The Ir 5d xy orbital, cj>ix,xy> is symmetric with regard 
to the Cu-Ir mirror plane, even in the presence of the 
octahedral tilting and distortion. Thus, 4>i IlXy is always 
orthogonal to 4>cu- As a result, electron hopping be- 
tween these two orbitals is prohibited and so is the su- 
perexchange process. Thus, the leading magnetic inter- 
action between them is the direct exchange interaction, 
Jp, which is ferromagnetic [2"31 12~4] . From the measured 
magnon bandwidth (Fig. [2]), we conclude that Jp is of 
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order of dozens of meV. This is surprising, since direct 
exchange in TMCs is usually very small. The unusually 
large Jf comes from the fact that the tails of 4>i T ,xy an d 
0Cu actually overlap well around each of 02 and 05 in 
Fig. [I] but with opposite sign [55] , similar to the large 
direct exchange ferromagnetism proposed for a Cu 2+ - 
(V0) 2+ hctcrobinuclear complex l2_5j. 

The Ir 5d xz /5d yz orbitals are also orthogonal to 0cu for 
the ideal case of a = 180° and (3 = 90°. Therefore, the 
electron hopping and superexchange between them are 
also prohibited. However, the realistic octahedral tilting 
immediately breaks the orthogonality of the Ir hd xz jhd yz 
orbitals and </>Cu, and induces electron hopping between 
them. It is reasonable to expect this tilting induced kine- 
matic process to be weak and to contribute an antifcr- 
romagnetic superexchange. Thus, the material is a Mott 
insulator accounting for the validity of the isolated IrOe 
octahedron model for the d — d charge excitations [14] . 
On the other hand, in sharp contrast with the Ir 5d xy or- 
bital, the Ir 5d xz (5d yz ) orbital has a tail of p z symmetry 
around 02 (05), which leads to a vanishing overlap, and 
thus a vanishing direct exchange, with the <pcn regardless 
of the octahedral tilting. Therefore, the leading magnetic 
interaction between the Ir 5d xz /5d yz orbitals and 4>cu is 
the antiferromagnetic superexchange. 

The above considerations lead to the following effec- 
tive Hamiltonian describing the magnetic interactions in 
Sr 3 CuIr0 6 : 



doublet is of the form 



H = 



Jf ^ ^ S m x 2_ y 2 • S n ^ xy 

(m,n) 

Jaf ^ ' S m x 2_ y 2 ■ (S n , yz + S n 

(m,n) 

A S L n ■ S n 



y,<y> 



(1) 



where m denotes a Cu site, n an Ir site, and (m, n) 
means nearest neighbors. S nn = J2 fll ,d] in ^a llll d nn ^/2 
where is the Pauli matrix and dn^ jfl is the annihila- 
tion operator of an electron with spin \i =~f, ^ and orbital 
7 = xy,xz,yz on the Ir site n. — Jp < is the ferro- 
magnetic direct exchange coupling between the Ir 5d xy 



and Cu 3cL 



orbitals. Jaf > is the antiferromag- 



netic superexchange coupling between the Ir 5d xz /5d yz 
and Cu Zd x 2_ y 2 orbitals, which is nonzero in the presence 
of Ir0 6 octahedral tilting. A = 0.44 eV is the SOC con- 
stant on the Ir sites, and A = 0.31 eV is the strength of 
the orthorhombic distortion of the IrOg octahedra |14) . 

Here we focus on energy scales for which only one hole 
can occupy a given site, as the system is in the clean 
limit of a Mott insulator. The remaining leading energy 
scales are A and A, which split the local energy levels 
on the Ir site into three doublets with the lowest one 
clearly separated from the others [15] • The lowest-energy 
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where p — 0, 1 for A = oo, 0, respectively. Retaining only 
|0o.r,) in second-order perturbation theory, we arrive at 



the following effective S 



H, 



eff 



-Jl 



(m, n ; 



1/2 Hamiltonian [22) : 

. + ^4 + 71^4} 



- J-2 {^'m'S'm' + •S'm'S'm' +72'S'm5'm'} J ( 3 ) 

«m,m'» 

where (m, n) and ((m, m')) mean the nearest Cu- 
Ir and Cu-Cu neighbors, respectively. s n = 
J2 v ,y 100,7,)%,,' (00,?)' |/2 is the isospin on the Ir site. The 
parameters are 
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Ji — Jf 



7i = 1 



J 2 = 



P 
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Jf 
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> 1, where e = Jaf/Jf > 0, 
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l + (l + £) 



,2 E 2 -E a 



< 1, 



— Er 



>o, 



(4) 



E\—Eq 

0.81 eV and E v 



where E 2 -E = 0.81 eV and Ei~E = 0.58 eV are local 
energy splitting on the Ir site [14] . The result is an ex- 
tended ferromagnetic XXZ model with the Ji terms mak- 
ing up the regular chain model with easy-axis anisotropy 
(71 > 1) and the additional J2 terms with easy-plane 
anisotropy (72 < 1) appearing only for the Cu sites. 

What is remarkably new here is that the ferromagnetic 
anisotropy, 71 — 1 = (2/p 2 ) Jaf/Jf, originates from the 



(a) Cu Cu 

t \ 



(b) 
Sd 



Ir Ir 

*> t A ' J 
J A ' t 
1 



Sd 



(C) 



Cu Ir 

Ffvl 



3d 



x —y 



^jj- Sd yz 



FIG. 3. Schematics of three different exchange pathways: (a) 
between Cu 3d x2 _ y 2 orbitals in La2CuC>4, (b) between Ir 5d 
orbitals in Sr2lr04 (open arrows mean partial occupation in 
the j = 1/2 state, \4>a,±)), and (c) between Cu 3d x 2_ y2 and Ir 
5d orbitals in SraCuIrOg. Dashed lines indicate the exchange 
type: antiferromagnetic (AF) or ferromagnetic (FM). 
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transformation. For J2 7^ the latter method yields 
w t(<?) = ^I 2 7i^i +72^2 - J 2 cos(ga)] 



\\Jb2J2 - J2 cos(ga)] 2 + 4J2 cos 2 (go/2). 
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FIG. 4. (a) Calculated magnon dispersion (lines), compared 
with the experimental data (solid squares), (b) The Ir partial 
spectral weights for the lower (solid line) and upper (dashed 
line) branches in (a). Ji = 21 meV, 71 J\ = 53.5 meV, J2 = 
2.4 meV, 72 Ji = 0.6 meV are used. 



The second-neighbor interaction opens another gap of 
size (1 + 72)1/2 at q = n/a in the middle of the band. 
The lower branch uj_ (q) can be fit in good agreement to 
the experimental data, as shown in Fig. [4^a.) , for Jj = 21 
meV, 71J1 = 53.5 meV, Ji = 2.4 meV, and 72J2 
fj.fi meV, which satisfy the theory constraints given by 
Eq. Q. From these numbers together with A = 0.44 eV 
and A = 0.31 eV [14] we extract estimates Jf = 120 meV 
and Jaf = 39 meV. 

This raises the question as to why the upper branch 
w+(g) is missing in our RIXS measurement. It is possi- 
ble that the upper-branch magnons decay into an energy 
continuum, as this material is close to a spin glass [26] . 
Another likely explanation is that because the data were 
taken at the Ir L 3 edge, only the Ir weight is visible in 
the present observation. The weights of Ir character [55] 
in the lower (-) and upper (+) branch of the spin-wave 



antiferromagnetic exchange between the Ir 5d xz /5d yz and dispersiorij j , q) are shown in Fig m h) j_ {q) (solid 



Cu id x 2_ y 2 orbitals. The difference of this unusual ex- 
change pathway from those in the cuprate La2CuC>4 and 
the iridate Sr 2 Ir04 7 is illustrated in Fig.[3j The present 
finding can be understood by looking closely at |</>o,?j) 
[Eq. Q], in which the Ir 5d xy and 5d xz /5d yz orbitals 
have opposite spin orientations. Therefore, the tendency 
of the spin in the Ir 5d xy {5d xz /5d yz ) orbital to be par- 
allel (antiparallel) to neighboring Cu spins can be satis- 
fied simultaneously via this spin-orbital-couplcd Kramers 
doublet [c.f., Fig. [3^c)], yielding the antiferromagnetism- 
induced ferromagnetic anisotropy. The Ir 5d xz and 5d yz 
orbitals contribute only to the diagonal part of H cS be- 
cause their contributions to the off-diagonal part can- 
cel out each other. The reduction of p from unity by 
the realistic octahedral distortion (A > 0) will signif- 
icantly enhance the anisotropy and reduce Ji, because 
those changes are related to p 2 . This will substantially in- 
crease the gap size and reduce the magnon bandwidth. It 
is noteworthy that in the context of the Kitaev model, an 
Ising-like ferromagnetic exchange anisotropy due to the 
simultaneous presence of SOC and Hund's rule coupling 
was suggested for (Li,Na) 2 Ir0 3 [7J. We emphasize that 
the present mechanism for creating such an anisotropy 
is entirely different because it is independent of Hund's 
rule coupling. 

The Hamiltonian of Eq. ^ with J 2 = is intc- 
grable [201 HI] ■ Its spectrum consists of a fundamental 
magnon mode and multi-magnon bound states. The sin- 
gle magnon dispersion is w(g) = Ji [71 — cos(qa/2)], where 
a is the nearest Ir-Ir distance and q a momentum along 
the Cu-Ir chain. This expression coincides with the spin- 
wave dispersion calculated using the Holstein-Primakoff 



line) is generally much larger than I+(q) (dashed line) 
and it follows the chain BZ, in agreement with the RIXS 
data. Note that Izp(q) = 1/2 for J 2 = 0; it is interest- 
ing that a tiny J 2 (J2/J1 ~ 0.1) dramatically changes 
the weight distribution. By the sum rule the Cu partial 
spectral weight is 1 — I T (q), and therefore uj + (q) should 
be detectable by Cu L 3 edge RIXS [57] and this will be 
pursued in the feature [5H] . 

In summary, we have presented a combined experi- 
mental and theoretical study of the unusual ferromag- 
netism in Sr 3 CuIr06. We find that the peculiar ge- 
ometry of the Cu-Ir chain facilitates a clean Mott in- 
sulator state and a strikingly large ferromagnetic direct 
exchange between the Ir 5d xy and Cu 3d x 2_ y 2 orbitals, 
while the octahedral tilting induces antiferromagnetic su- 
perexchange between the Ir 5d xz /5d yz and Cu 3d x 2_ y 2 
orbitals. These seemingly incompatible magnetic inter- 
actions work cooperatively, via the spin-orbital-coupled 
low-energy Kramers doublet on the Ir site, to yield re- 
spectively the isotropic and anisotropic parts of the ferro- 
magnetism in SrsCuIrOg- Our results demonstrate that 
mixed 3d — 5d compounds can generate distinct exchange 
pathways and thus novel magnetic behavior that are ab- 
sent in pure 3d or 5d compounds. 
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